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Summary  This  paper  evaluates  the  change  in  metabolic  energy  required  to  maintain  the
signalling  activity  of  neurons  in  the  presence  of  an  external  electric  ﬁeld.  We  have  analysed
the Hodgkin—Huxley  type  conductance  based  fast  spiking  neuron  model  as  electrical  circuit  by
changing the  frequency  and  amplitude  of  the  applied  electric  ﬁeld.  The  study  has  shown  that,
the presence  of  electric  ﬁeld  increases  the  membrane  potential,  electrical  energy  supply  and
metabolic energy  consumption.  As  the  amplitude  of  applied  electric  ﬁeld  increases  by  keeping  a
constant frequency,  the  membrane  potential  increases  and  consequently  the  electrical  energy
supply and  metabolic  energy  consumption  increases.  On  increasing  the  frequency  of  the  applied
ﬁeld, the  peak  value  of  membrane  potential  after  depolarization  gradually  decreases  as  a  result
electrical  energy  supply  decreases  which  results  in  a  lower  rate  of  hydrolysis  of  ATP  molecules.
© 2016  Published  by  Elsevier  GmbH.  This  is  an  open  access  article  under  the  CC  BY-NC-ND  license
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he  investigation  of  nonlinear  systems  have  led  to  many  new
esearch  interests  which  include  biological  systems  espe-
ially  neuron  models  with  plenty  of  applications.  All  kinds  of
euron  models  start  from  the  ion  channels  and  action  poten-
ials.  The  Hodgkin—Huxley  (HH)  model  is  a  conductance
 This article belongs to the special issue on Engineering and
aterial Sciences.
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ased  model,  which  quantitatively  describes  electrical  exci-
ations  of  squid  giant  axons  is  a  prototype  for  excitable
ell  models  (Hodgkin  and  Huxley,  1952).  By  changing  the
xternally  applied  DC  current,  Hopf  bifurcation  would  occur
t  the  equilibrium  of  HH  model,  generating  limit  cycles
Hassard,  1978;  Giacomo  et  al.,  2007;  Ranchao  and  Xiang,
012).  The  response  of  a  neuron  to  external  electrical  stim-
lation  depends  upon  the  characteristics  of  the  neuron  and
he  external  stimulation  (Che  et  al.,  2012).  Most  of  the
euron  models  have  been  widely  studied  by  applying  an
xternal  current  stimulus.  Moujahid  et  al.  (2011)  calculated
he  energy  consumed  in  information  transmission  by  using
he  HH  model  in  a  recent  paper.  In  this  paper,  we  present  the
icle under the CC BY-NC-ND license (http://creativecommons.org/
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+  IK2(V  +  VE −  VK2)  +  Il(V  +  VE −  Vl)
where  CV˙ =  −CV˙E −  INa −  IK1 −  IK2 −  Il +  I  and  CV˙E =  IEEnergy  consumption  in  Hodgkin—Huxley  type  fast  spiking  ne
change  in  membrane  potential,  electrical  energy  supply  and
metabolic  energy  consumption  of  fast  spiking  model  when
exposed  to  an  external  electric  ﬁeld.  ‘‘Fast  spiking  neuron
model’’  section  describes  fast  spiking  neuron  model.  The
energy  of  the  model  in  the  presence  of  ﬁeld  and  the  numer-
ical  results  are  discussed  in  ‘‘Energy  of  fast  spiking  model’’
section  and  ‘‘Conclusion’’  section  concludes  the  study.
Fast spiking neuron model
The  fast-spiking  neuron  (Erisir  et  al.,  1999)  model  follows
the  Hodgkin—Huxley  formalism  and  consists  of  a  non-speciﬁc
leak  current  and  three  active  ionic  membrane  currents.  The
additional  current  IK2 with  a  conductivity  gK2 which  is  much
larger  than  gK1 is  a  strong  outward  current  associated  with
the  Kv3.1—Kv3.2  channel  that  shapes  the  down-stroke  of
the  action  potential  and  contributes  to  a  rapid  reset  of  the
membrane  potential  after  a  spike.
The  fast-spiking  neuron  model  in  the  presence  of  an
external  electric  ﬁeld  is  described  as,
C
d(V +  VE)
dt
=  −INa −  IK1 −  IK2 −  Il +  I
m˙  =  ˛m(V)(1  −  m)  −  ˇm(V)m
n˙1 =  ˛n1(V)(1  −  n1)  −  ˇm(V)n1
n˙2 =  ˛n2(V)(1  −  n2)  −  ˇm(V)n2
h˙  =  ˛h(V)(1  −  h)  −  ˇh(V)h,
(1)
where  V  is  the  membrane  potential  (mV),  C  is  the  mem-
brane  capacitance  (F),  I  is  the  total  membrane  current
density  in  A/cm2 and  m,  n1,  n2 and  h  are  dimensionless  vari-
ables.  VE =  (A/ω)sin(ωt)  is  the  external  electric  ﬁeld,  where
A,  and  ω  are  the  amplitude  and  frequency  respectively.
IE =  C(dVE/dt)  is  the  current  ﬂowing  through  the  capacitor
due  to  the  electric  ﬁeld.  The  external  ﬁeld  can  be  regarded
as  a  perturbation  to  the  system  under  which  the  dynamics
of  the  system  gets  altered.  INa, IK1,  IK2 and  Il in  the  presence
of  ﬁeld  are  given  below.
INa =  gNam3h(V  +  VE −  VNa)
IK1 =  gK1n41(V  +  VE −  VK1)
IK2 =  gK2n42(V  +  VE −  VK2)
Il =  gl(V  +  VE −  Vl).
(2)
The  variables  over  time  of  alpha  and  beta  functions  are
˛m(V)  = 2.5 −  0.1V[exp(2.1  −  0.1V)  −  1]
ˇm(V)  =  4  exp
(
− V
18
)˛n1 (V)  =
0.1 −  0.01V
[exp(1  −  0.1V)  −  1]
F
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n1 (V)  =  0.125  exp
(
− V
80
)
n2 (V)  =
95 −  V
[exp((−95  +  V)/11.8)  −  1]
n2 (V)  =  0.025  exp
(
V
22.222
)
h(V)  =  0.07  exp
(
− V
20
)
h(V)  = 1[exp(3  −  0.1V)  +  1]
he  ﬁxed  parameter  values  for  fast  spiking  model  are  taken
rom  Erisir  et  al.  (1999).
nergy of fast spiking model
he  energy  of  fast  spiking  model  in  the  presence  of  electric
eld  is  given  by,
(t)  = 1
2
CV 2 +  HVE +  HNa +  HK1 +  HK2 +  Hl (3)
˙(t)  =  CVV˙ + H˙VE + H˙Na + H˙K1 + H˙K2 + H˙l
=  CVV˙  +  IEVE +  INa(V  +  VE −  VNa) +  IK1(V  +  VE −  VK1)igure  1  Action  potentials  generated  at  I  =  6.9  A/cm2 of  fast
piking model.  (a)  Without  ﬁeld.  (b)  Electric  ﬁeld  A  =  0.2  and
 =  0.01.  (c)  A  =  0.3  and  w  =  0.01.  (d)  A  =  0.3  and  w  =  0.011.
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Figure  2  Electrical  energy  supply  at  I  =  6.9  A/cm2 of  fast
spiking  model.  (a)  Without  ﬁeld.  (b)  Electric  ﬁeld  with  A  =  0.2
and w  =  0.01.  (c)  A  =  0.3  and  w  =  0.01.  (d)  A  =  0.3  and  w  =  0.011.
Figure  3  Metabolic  energy  consumption  at  I  =  6.9  A/cm2 of
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Hast spiking  model.  (a)  Without  ﬁeld.  (b)  Electric  ﬁeld  with
 =  0.2  and  w  =  0.01.  (c)  A  =  0.3  and  w  =  0.01.  (d)  A  =  0.3  and
 =  0.011.
Substituting  these  values  we  get  the  energy  rate  in  the
ircuit  as,
˙(t)  =  −IE(V  −  VE)  +  IV  −  [gNam3h(V  +  VE −  VNa)(VNa −  VE)]
−  [gK1n41(V  +  VE −  Vk1)(Vk1 −  VE)]
−  [gk2n42(V  +  VE −  Vk2)(Vk2 −  VE)]
−  [gl(V  +  VE −  Vl)(Vl −  VE)]  (4)
e  analysed  the  fast  spiking  model  in  Eq.  (1)  without
pplying  electric  ﬁeld  and  by  changing  the  frequency  and
mplitude  of  the  applied  ﬁeld.  A  sequence  of  action  poten-
ials  is  generated  by  solving  Eq.  (1).  Fig.  1(a)—(d)  illustrates
he  membrane  potential  variations  without  ﬁeld  and  in  the
resence  of  ﬁeld.  The  peak  value  of  membrane  poten-
ial  increases  in  the  presence  of  ﬁeld.  On  increasing  the
H
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mplitude  of  applied  ﬁeld  membrane  potential  shows  a  fur-
her  increase,  on  the  other  hand  increasing  the  frequency  of
he  ﬁeld  results  in  a  decrease  in  membrane  potential.  The
lectrical  energy  supply  and  metabolic  energy  consumption
f  fast  spiking  model  are  obtained  by  solving  Eq.  (4).  The
lectrical  energy  supply  corresponds  to  the  ﬁrst  two  terms
f  Eq.  (4). The  total  metabolic  energy  consumption  of  the
odel  is  the  contribution  to  the  energy  derivative  due  the
emaining  terms  of  Eq.  (4).  The  electrical  energy  supply
nd  metabolic  energy  consumption  in  response  to  ampli-
ude  and  frequency  variations  of  applied  ﬁeld  are  shown
n  Figs.  2(a)—(d)  and  3(a)—(d)  respectively.  The  study  has
hown  that  on  increasing  the  amplitude  of  applied  ﬁeld  the
nergy  supply  and  metabolic  energy  consumption  increases
nd  on  increasing  the  frequency  of  the  external  ﬁeld  the
nergy  supply  and  consumption  decreases.
onclusion
his  work  evaluates  the  metabolic  energy  consumption  of
he  fast  spiking  neuron  model  in  order  to  maintain  its
ignalling  activity  in  the  presence  of  an  externally  applied
lectric  ﬁeld.  The  study  has  shown  that,  in  the  presence  of
eld,  the  peak  value  of  membrane  potential  after  depolar-
zation,  the  rate  of  supply  of  electrical  energy  and  the  total
etabolic  energy  consumption  is  greater  than  that  in  the
bsence  of  ﬁeld.  As  amplitude  of  external  ﬁeld  increases  the
ate  of  supply  of  electrical  energy  and  the  total  metabolic
nergy  consumption  increases  wherein  they  show  remark-
ble  leap  as  the  frequency  of  the  ﬁeld  increases.  In  all  the
ases  the  metabolic  energy  consumption  to  retain  the  neu-
onal  activity  is  much  greater  than  the  energy  supplied,
hich  is  replenished  by  the  hydrolysis  of  ATP  molecules.
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